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a  b  s  t  r  a  c  t
Using  a technique  for measuring  brain  activity  simultaneously  from  two  people,  known  as  hyperscan-
ning,  we  can  calculate  inter-brain  neural  effects  that appear  only  in interactions  between  individuals.
Hyperscanning  studies  using  fMRI are advantageous  in that  they  can  precisely  determine  the region(s)
involved  in inter-brain  effects.  However,  it is  almost  impossible  to record  inter-brain  effects  in daily
life.  By  contrast,  hyperscanning  EEG  studies  have  high  temporal  resolution  and  could  be  used  to capture
moment-to-moment  interactions.  In addition,  EEG  instrumentation  is portable  and  easy  to  wear,  offering
the  opportunity  to record  inter-brain  effects  during  daily-life  interactions.  However,  the  disadvantage  of
this approach  is  that  it is  difﬁcult  to localize  the  epicenter  of  the  inter-brain  effect.  fNIRS  has better  tempo-
ral resolution  and  portability  than  fMRI,  but has limited  spatial  resolution  and a  limited  ability  to  record
deep  brain  structures.  Future  studies  should  employ  hyperscanning  EEG–fMRI,  because  this  approach
combines  the  high  temporal  resolution  of  EEG  with  the  high  spatial  resolution  of  fMRI.  Hyperscanning
EEG–fMRI allows  us to use  inter-brain  effects  as  neuromarkers  of  the  properties  of  social  interactions  in
daily life.  We also wish  to emphasize  the  need  to develop  a mathematical  model  explaining  how  two
brains  can  exhibit  synchronized  activity.
© 2014  The  Authors.  Published  by Elsevier  Ireland  Ltd.  This  is an open  access  article  under  the CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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. Introduction
Social communication skills are essential for humans. One of
he reasons why humans were able to build a highly organized civi-
ization is that we have developed social communication skills, e.g.,
language. Conventionally, the neural basis of social commu-
nication has been explored through studies of brain lesions and
patients with communication disorders (for review, Frith and
Frith, 2001; Wood and Grafman, 2003). In addition, the combina-
tion of neuroimaging techniques and psychological experiments
performed on normal subjects engaging in social behaviors has
clariﬁed the neural basis of communication (Gallotti and Frith,∗ Corresponding author. Tel.: +81 564557844.
E-mail address: tkoike@nips.ac.jp (T. Koike).
ttp://dx.doi.org/10.1016/j.neures.2014.11.006
168-0102/© 2014 The Authors. Published by Elsevier Ireland Ltd. This is an open access 
http://creativecommons.org/licenses/by-nc-nd/3.0/).2013). One of the limitations of conventional studies, however,
is that they have mainly focused on aspects of off-line social
cognition, whereas most of our social behavior is characterized
by on-line mutual interaction, forming a “two-in-one” system
article under the CC BY-NC-ND license
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Konvalinka and Roepstorff, 2012; Schilbach et al., 2013). The two-
n-one system in social communication is a complex nonlinear
ystem (Beer, 2000; Froese et al., 2013) that cannot be reduced
o the summation of effects in single isolated brains (Hari and
ujala, 2009; Konvalinka and Roepstorff, 2012). Therefore, it seems
ogical to simultaneously record two-brain activity during social
nteractions.
As far as we know, Duane and Behrendt (1965) were the ﬁrst to
imultaneously record multi-subject brain activity using the elec-
roencephalogram (EEG). They attempted to consider two  brains as
 single two-in-one system by calculating the correlation between
EG traces acquired from two individuals. Although the multi-
ubject recording technique was subsequently ignored for a long
eriod of time, the idea was resurrected in this century and re-
amed the “hyperscanning technique” (Montague et al., 2002).
ince then, several researchers have employed hyperscanning to
eveal how two brains interact with each other during social inter-
ctions (for review, Astolﬁ et al., 2011; Sänger et al., 2011; Dumas,
011; Babiloni and Astolﬁ, 2012; Hari et al., 2013; Hasson et al.,
012; Scholkmann et al., 2013; Konvalinka and Roepstorff, 2012;
chilbach et al., 2013).
The term “hyperscanning” refers to simultaneous recording of
rain activation from multiple subjects. Some hyperscanning stud-
es have only analyzed how single brains are activated during social
nteraction (Krill and Platek, 2012; Fliessbach et al., 2012; Morita
t al., 2014; Smith et al., 2014). Social communication emerges
s two individuals act upon each other, and this communication
onstitutes a two-in-one nonlinear complex via inter-subject cor-
elation of behavior and neural activation (Beer, 2000; Hari and
ujala, 2009; Froese et al., 2013). Therefore, for the purpose of
xploring the properties of social interactions, the most efﬁcient
ay to use hyperscanning neuroimaging data is to calculate inter-
rain effects such as correlative (functional connectivity) or causal
effective connectivity) relationships across regions within the two
rains. Several studies have introduced inter-subject correlation
nalysis, which calculates voxel-wise temporal correlations using
earson’s correlation coefﬁcient between every pair of subjects
ho watched the same movie (Hasson et al., 2004; Englander et al.,
012; Salmi et al., 2013) and a series of faces (Burgess, 2013). We
ill not focus on those studies here, however, because the exper-
ments involved no on-line social interactions between pairs of
ndividuals.
In this review, we will brieﬂy examine recent studies of inter-
rain neural synchronization during social interactions, and also
iscuss the limitations of these studies. Following that, we propose
uture directions for hyperscanning neuroimaging: hyperscanning
EG–fMRI and mathematical modeling of inter-brain effects.
. Hyperscanning fMRI
Functional magnetic resonance imaging (fMRI) is capable of pre-
isely deﬁning the epicenter of brain activity. The spatial resolution
f fMRI (2–3 mm)  is signiﬁcantly greater than that of electroen-
ephalogram (EEG; 1–2 cm)  (Kaiboriboon et al., 2012), or functional
ear-infrared spectroscopy (fNIRS; 2–3 cm)  (Huettel et al., 2009). In
ddition, only fMRI can record activation of deep brain structures.
he regions associated with our social skills are located in deep
rain structures such as the medial prefrontal cortex, orbitofrontal
ortex, striatum, and amygdala (Allison et al., 2000; Gallotti and
rith, 2013). In general, scalp EEG and fNIRS cannot record such
eep structures. Although the epicenter can be estimated mathe-
atically using EEG (Pascual-Marqui et al., 1994), precise deﬁnition
s difﬁcult when there are multiple epicenters, or the epicenters
re distant from the electrodes (Grech et al., 2008). The same is
rue in hyperscanning neuroimaging (Hari et al., 2013). These linessearch 90 (2015) 25–32
of evidence suggest that fMRI should be regarded as the ﬁrst-line
technique for determining which brain regions constitute the inter-
brain neural network during social interactions.
The size of MRI  scanners becomes a weakness when we consider
using hyperscanning fMRI to reveal the nature of social interac-
tions; however, this issue is surmountable, at least to some extent.
One might think that we would need two or more MRI scanners
in one institute to conduct such an experiment. However, this
is not necessary: in a previous hyperscanning study (King-Casas
et al., 2005), one subject was placed in a scanner in Texas, and the
other was  in a scanner at California. Synchronization was achieved
through broadband Internet connections among multiple comput-
ers with a timing precision of approximately ±50 ms (King-Casas
et al., 2005). A recent study reported that synchronization via Inter-
net connections is sufﬁcient for magnetoencephalography (MEG)
systems, which require more accurate synchronization (Baess et al.,
2012). Thus, by connecting two scanners at different locations, we
can realize a hyperscanning fMRI system even though the scanners
are not present in the same institute. Nonetheless, the MRI  scan-
ner limits the natural movement of participants in experiments so
that it is almost impossible to record the brain during everyday
social interaction. We  expect that combining EEG and fMRI could
resolve this limitation. The issue is addressed in more detail in a
later chapter.
So far, only few hyperscanning fMRI studies have attempted to
evaluate inter-brain neural synchronization during on-line social
interactions (Scholkmann et al., 2013). Saito et al. (2010) inves-
tigated how two brains could be connected via eye contact. In
their experiment, participants were paired with a partner of the
same gender. Each subject was  positioned in the MR scanner to
allow collection of brain activation as they performed a joint atten-
tion (JA) task. In the scanner, they were able to see each other’s
eyes through the mirror using MR-compatible video camera sys-
tems, so that they could communicate on-line via eye contact. We
should note that eye contact was  maintained at baseline while the
subjects engaged in on-line gaze exchange in the JA task. To test
whether inter-brain neural synchronization was  caused by eye con-
tact rather than the JA task itself, the authors modeled out all the
JA-related effects using a general linear model or autoregressive
models (Fair et al., 2007). After that, they calculated inter-brain
synchronization between voxels encoding homologous locations.
They found that paired subjects exhibited more prominent inter-
brain neural synchronization than non-paired subjects in the right
IFG (Brodmann area (BA) 44/45/47), and concluded that the IFG
is involved in sharing intention through eye contact, which pro-
vides the context for JA. This conclusion was supported by the lack
of inter-brain neural synchronization in people with autistic spec-
trum disorder (ASD), who experience difﬁculty in sharing intention
through eye contact (Tanabe et al., 2012).
fMRI scanning causes very intense acoustic noise, making ver-
bal communication during an experiment difﬁcult. However, using
a noise-canceling ﬁber-optic microphone system, a recent pre-
liminary study showed that inter-brain neural synchronization
occurs between the speech production and auditory areas during
conversation (Spiegelhalder et al., 2014). By introducing a more
sophisticated paradigm, we  could use hyperscanning fMRI to elu-
cidate how two  brains engage in inter-brain neural synchronization
during conversation.
3. Hyperscanning EEGEEG is the most frequently used technique in hyperscanning
studies (Scholkmann et al., 2013). One advantage of EEG is that
it has ﬁner temporal resolution than fMRI. Although a recently
developed high-speed recording technique enables recording of
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MRI data on the sub-second timescale (Moeller et al., 2010), EEG
ffers the opportunity to record activation on the millisecond scale
Huettel et al., 2009). This superior temporal resolution could assist
n estimating the causal relationships between brain activation
cquired from two individuals (Konvalinka and Roepstorff, 2012).
he ﬁne temporal resolution provides the opportunity to assess
requency dependency in inter-brain neural synchronization, and
o investigate instantaneous inter-brain synchronization. Another
dvantage of EEG is that the instrumentation is portable and easy to
ear; consequently, EEG recording devices do not limit the activ-
ties in which participants can engage. This feature could enable
s to discuss inter-brain neural synchronization in more natural
ettings.
The biggest disadvantage of EEG is its limited ability to localize
he epicenter of brain activation (Huettel et al., 2009). EEG meas-
res the scalp electric potential generated by neuronal currents
ear the brain surface, and its spatial resolution is in the range of
–2 cm because of the inhomogeneous conductivity proﬁle of the
ead (Kaiboriboon et al., 2012). By contrast, the fMRI has a spatial
esolution of 2–3 mm  (Huettel et al., 2009). Although mathematical
ethods allow us to estimate the epicenter of EEG activity (Pascual-
arqui et al., 1994), source estimation is an ill-posed problem
Grech et al., 2008), and it is almost impossible to deﬁne the source
oints when they are distant from the scalp electrodes. Conse-
uently, scalp EEG cannot record social regions located in deep
rain structures (Allison et al., 2000; Gallagher and Frith, 2003). For
xample, Yun et al. (2012) reported an inter-brain network involv-
ng the parahippocampal gyrus (PHG), but it was suspicious that an
EG source in a deep structure such as the PHG could be precisely
ocalized (Hari et al., 2013). Because of these difﬁculties in local-
zing the epicenter of activation, we have to note that EEG seems
nappropriate for precisely determining the spatial pattern of the
nter-brain networks involved in social interactions.
To the best of our knowledge, Dumas et al. (2010) were the ﬁrst
o investigate inter-brain neural coupling during face-to-face social
ommunication using a hyperscanning EEG system. In their com-
unication task, the ‘imitator’ had to spontaneously imitate the
and action of the ‘model’. The authors found that the alpha–mu
8–12 Hz) band exhibited the most robust inter-brain EEG synchro-
ization in the right centro-parietal cortex. Interestingly, another
EG study reported that the alpha–mu band in the right centro-
arietal region was a signiﬁcant neuromarker of social coordination
Tognoli et al., 2007), and that this region mediates how a partici-
ant interprets their partner’s body movement in a social context
Naeem et al., 2012). Based on these lines of evidence, the authors
oncluded that several aspects of ongoing imitation tasks, such as
nticipation of another’s actions and co-regulation of turn-taking,
esult in inter-brain EEG synchronization.
Both verbal and nonverbal communications are necessary in
rder for two people to play a game together. Using a card game and
yperscanning EEG, Astolﬁ et al. (2010) revealed the association
etween the cooperative relationship with a partner and inter-
rain neural synchronization between partners. In their study, four
articipants were divided into two teams, and these two teams
ompeted against each other in the game. An extension of the
ranger-causality approach was used to evaluate the causal rela-
ionship between any two participants, i.e., either a pair belonging
o the same team, or a pair belonging to different teams. The EEG
ctivity corresponding to the prefrontal regions (BA 8/9/46) had
n effect on activity in the anterior cingulate cortex (ACC) in the
artner’s brain, but only when the two participants belonged to the
ame team. The frequencies exhibiting this causal relationship were
n the alpha (8–12 Hz), beta (13–29 Hz), and gamma  (30–40 Hz)
ands. The authors speculated that this synchronization reﬂects
he cooperative relationship between team members (Astolﬁ et al.,
010).search 90 (2015) 25–32 27
Another study showed that the psychological perspective
required for cooperation with a partner is represented by inter-
brain EEG synchronization as two subjects play the prisoner’s
dilemma game (De Vico Fallani et al., 2010). In that study, brain
activity was recorded by hyperscanning EEG, and the non-linear
classiﬁer method was introduced to reveal whether a player’s
strategy in the game was represented by an inter-brain network
pattern. When both participants intended to defect on their part-
ners, there was  less inter-brain neural synchronization than in pairs
that had chosen cooperative strategies. The characteristics of the
inter-brain network prior to decision-making could predict the
strategies that were actually chosen with up to 90% accuracy. There-
fore, the authors indicated that inter-brain synchronization might
be a marker that can predict relationships in social interaction.
A series of studies by Lindenberger and colleagues, which
focused on subjects cooperatively playing the guitar in a duet,
clearly indicated that inter-brain neural effects arise even in daily
life. First, the authors found that the enhancement of an inter-brain
effect, i.e. inter-brain EEG phase coherence between the central and
frontal nodes, is conspicuous during periods that require particu-
larly high demands on musical coordination (Sänger et al., 2012).
This observation supports the idea that the inter-brain network
plays a functional role in coordination of behavior. Second, graph-
based analysis revealed that the inter-brain network during guitar
playing exhibits “small world” properties, as with intra-brain func-
tionally connected networks (Sänger et al., 2012). Small-worldness
means that the network acts as functionally integrated network
(Sporns and Zwi, 2004), suggesting that inter-brain networks play
a functional role in social interactions. Third, the characteristics of
inter- or intra-brain networks clearly reﬂected the musical roles
during improvising together. The inter- and intra-brain network
associated with playing guitar in a duet differs signiﬁcantly from
that involved in listening to a partner play the guitar (Müller et al.,
2013). In addition, even during duet playing, the phase locking
between subjects’ brains was modulated in relation to their exper-
imentally assigned musical roles, i.e., leader or follower (Sänger
et al., 2013). Based on these ﬁndings, the authors speculated that
the strength and spatio-temporal pattern of inter-brain effects are
associated with the ability to coordinate one’s own behavior with
that of a partner.
Yun et al. (2012) reported that the inter-brain EEG effect can
be modulated by training. In pre-training sessions, participants
were instructed to look at their partner’s index ﬁnger while hold-
ing their own  arms extended and keeping their own index ﬁngers
together and as stationary as possible. Both inter-brain EEG syn-
chronization and unconscious arm movements were recorded. In
the training session following the pre-training sessions, paired par-
ticipants were assigned roles as leader and follower. The leader
randomly moved his or her index ﬁnger while keeping his or her
arm extended, and the follower followed it. Participants learned
the leader–follower relationship through training. After the train-
ing, coupled participants repeated a post-training session that was
identical to the pre-training sessions. Inter-brain EEG synchroniza-
tion increased after training, speciﬁcally, from the leader’s PHG,
anterior cingulate (ACC), and postcentral gyrus (PoCG), to the fol-
lower’s inferior frontal gyrus (IFG) in the theta (4–7.5 Hz) and beta
(12–30 Hz) frequency bands. Based on these results, the authors
concluded that the emergence of inter-brain EEG synchronization
is not merely stimulus-driven, but can be modulated by training.
The training effect was also mentioned in Kawasaki et al. (2013).
In that experiment, two participants engaged in an alternating
speech task in which they pronounced letters one after the other.
For example, one subject said ‘A’, then the other said ‘B’, and
then the procedure was  repeated. First, participants performed
the task with a human (human pre-machine condition). In that
case, the amplitude of EEG waveforms in the theta/alpha (6–12 Hz)
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requency band exhibited signiﬁcant inter-brain correlation
etween the homologous temporal and lateral–parietal electrodes.
fter the human condition, participants performed the same task
ith a robot-like machine (machine condition) as training. After
hat, they repeated the same task with a human (human post-
achine condition). Inter-brain neural and speech synchronization
as clearly enhanced in the post-machine condition relative to the
re-machine condition. The authors claimed that this enhancement
eﬂected the emergence of empathy for others’ behavior.
. Hyperscanning fNIRS
fNIRS is less capable than fMRI of localizing the epicenter of acti-
ation. Because of the underlying principles of the measurement,
NIRS can only record the brain surface, and the spatial resolution is
nder 1 cm (Huettel et al., 2009). In addition, fNIRS has high sensi-
ivity to blood-ﬂow changes in the scalp that are unrelated to brain
ctivation (Gregg et al., 2010; Kirilina et al., 2012). These features
ake it difﬁcult for fNIRS to acquire pure neural activation. How-
ver, because fNIRS is much more portable than fMRI, the number
f studies using this technique to study inter-brain effects has been
rowing rapidly (Scholkmann et al., 2013).
To the best of our knowledge, the ﬁrst hyperscanning fNIRS
tudy was performed by Funane et al. (2011). In that study, partici-
ants sat down face-to-face, and were requested to synchronously
ress a button after counting 10 s in their mind. The relationship
etween task performance and inter-brain neural coherence was
ssessed using fNIRS, which was simultaneously recorded from
oth participants. Higher inter-brain coherence in the prefrontal
ortex was signiﬁcantly associated with shorter time intervals
etween button presses. The authors concluded that performance
f cooperative behavior is associated with inter-brain coherence.
Cui and colleagues also assessed whether inter-brain effects
nﬂuence cooperative task performance (Cui et al., 2012). In their
xperiment, participants were required to press a button as fast
s possible after a visual cue signal appeared on the screen. There
ere two types of goal structures for the task: cooperative and com-
etitive. In the cooperative task, when the average response time
as shorter than the previously deﬁned threshold, participants
ould win points in the game. In the competitive task, participants
ad to press a button before their counterpart did. Participants
ad to repeat each task twice. Wavelet transformation coherence
as used to evaluate inter-brain effects. The percentage of win-
ing trials increased in the second cooperative task block relative
o ﬁrst block, whereas there were no increases in competitive tasks.
dditionally, the repetition of the task increased inter-brain coher-
nce in the right superior frontal cortices. Given these ﬁndings, the
uthors concluded that inter-brain coherence might be a proxy for
erformance of cooperative tasks (Cui et al., 2012).
Using hyperscanning fNIRS, it has reported that the inter-brain
oherence represents the effort to imitate partner’s movement
Holper et al., 2012). In the study, two distinct roles were assigned
o participants: the model and imitator. The model was asked to
erform a paced ﬁnger tapping task by repeatedly pressing a but-
on on a keyboard using right hand ﬁngers (index, middle, ring,
inky and thumb). The order of ﬁnger used could be varied by the
odel. Another participant, i.e. imitator, was required to imitate
odel’s ﬁnger tapping. In the control condition, participants asked
o perform the ﬁnger tapping task alone. The authors reported the
ncreased inter-brain coherence during imitating task as compared
o control condition in the left frontal area. In addition, enhanced
oherence was conspicuous when imitator maintains the button
ress in self pace, as compared when participants were asked to
odel the movement in synchrony with a metronome. The authors
onﬁrmed that the increased inter-brain coherence could not besearch 90 (2015) 25–32
accounted by increased behavioral synchrony. As with the hyper-
scanning EEG study (Sänger et al., 2012), this hyperscanning fNIRS
study supports the idea that the similarity between movement
patterns did not contribute to the inter-brain coherence during
imitation, but that the coherence reﬂected the effort of imitation.
Another study showed that conversation can cause inter-brain
coherence (Jiang et al., 2012). In that experiment, participants
talked about two hot news topics using different communica-
tion styles: face-to-face dialog, back-to-back dialog, face-to-face
monolog, and back-to-back monolog. Only in the face-to-face dia-
log condition, there was signiﬁcant inter-brain synchronization in
the probe corresponding to the left inferior frontal cortex (IFC). In
addition, the strength of IFC synchronization could accurately pre-
dict the occurrence of nonverbal communication behaviors such as
turn-taking and body language. These ﬁndings suggest that the IFC
synchronization is mediated by non-verbal behaviors (Jiang et al.,
2012).
Inter-brain effects exhibit different patterns when verbal infor-
mation is absent in vocal communication. Using hyperscanning
fNIRS, Osaka et al. (2014) also attempted to reveal how eye-to-
eye communication could link two brains during a cooperative
humming task. In the eye-to-eye condition, paired participants
cooperatively hummed a song while watching each other’s eyes. In
the non-eye-to-eye condition, participants watched a wall placed
between them. Wavelet transform coherence was  used as the index
of the inter-brain effect, and the authors compared the coherence
in eye-to-eye condition with that in the non-eye-to-eye condi-
tion. Inter-brain coherence in the right IFC was conspicuous only
during non-eye-to-eye humming. This result suggests that inter-
brain coherence in the right hemisphere is caused by non-verbal
coordination such as humming (Osaka et al., 2014), whereas syn-
chronization in the left hemisphere results from verbal dialog (Jiang
et al., 2012).
Dommer et al. (2012) attempted to reveal the origin of inter-
brain neural synchronization using hyperscanning fNIRS as subjects
played the dual n-back task. There were two settings: either
participants were paired and sat side-by-side performing the n-
back task in a joint manner (paired condition), or they performed
the task alone (single condition). The inter-brain effect was  cal-
culated using wavelet transform coherence. The study revealed
that inter-brain coherence signiﬁcantly increased in the prefrontal
cortex during the paired condition relative to the single condi-
tion, suggesting that coordination of behavior binds two  brains
together. In addition, there two frequency bands contributed to
the inter-brain neural synchronization: the heart rate frequency
of each participant and low frequency (approximately 0.1 Hz). In
a single-brain resting-state network study, it was conﬁrmed that
the functionally connected network in the low-frequency range
reﬂects spontaneous neural activities, whereas the higher frequen-
cies are contaminated by heart beating and respiration (Cordes
et al., 2001). Based on these ﬁndings, the authors concluded that the
low-frequency inter-brain network represents coordinated behav-
iors performed in a joint manner (Dommer et al., 2012).
5. Necessity of hyperscanning EEG–fMRI
It is assumed that inter-brain effects are tightly associated with
properties of interaction such as task structure, interaction struc-
ture, and goal structure (Schilbach et al., 2013; Liu and Pelowski,
2014). Hyperscanning EEG study has already revealed that goal
structure (i.e., competitive vs. cooperative task) has an effect on
inter-brain network patterns (Astolﬁ et al., 2010; Cui et al., 2012;
Funane et al., 2011). The social interactions that occur in real life
exhibit more complex patterns than those that arise in experi-
ments. At present, it is not obvious whether there is an inter-brain
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ffect reﬂecting the nature of interactions, even in daily life. Hyper-
canning EEG is the most appropriate way to investigate this,
ecause of its portability, low cost, and the fact that the device
s easy to wear (Stopczynski et al., 2014). This simplicity enables
s to acquire data about brain activation even in extremely intri-
ate social situations without burden (Gevins et al., 2012). Recently,
everal hyperscanning EEG studies revealed inter-brain effects in
ocial interactions such as playing music with others (Lindenberger
t al., 2009; Sänger et al., 2012, 2013; Müller et al., 2013), playing
ames (Astolﬁ et al., 2010; De Vico Fallani et al., 2010), and ver-
al communication (Kawasaki et al., 2013). These results raise the
xpectation that inter-brain EEG effects could represent effective
euromarkers for the quality of social communication in our daily
ife.
However, EEG has a limited ability to deﬁne brain regions
xhibiting signiﬁcant inter-brain effects due to its low spatial res-
lution (Kaiboriboon et al., 2012) and ill-posed inverse problem
Grech et al., 2008; Hari et al., 2013). We  propose to use hyperscan-
ing EEG–fMRI to overcome the limitations of EEG. Simultaneous
EG–fMRI has been used to achieve high temporal and spatial
esolution in studies of human brain function. Previous studies
ave proposed several analytical methods for combining EEG and
MRI data. The ﬁrst approach is the fMRI-informed EEG method,
hich aims to guide electromagnetic source estimation using
esults obtained from fMRI images with superior spatial resolution,
hereby improving EEG source localization (Heinze et al., 1994;
uster et al., 2011). The second method for handling multimodal
euroimaging data is EEG-informed fMRI, which considers the
irect correlation between EEG and fMRI. In this method, we ﬁrst
ould detect speciﬁc EEG features of interest, such as ERP amplitude
Debener et al., 2005), EEG synchronization (Mizuhara et al., 2005),
nd power within speciﬁc frequency bands (Laufs et al., 2003;
cheeringa et al., 2009) over time. Next, we investigate the asso-
iation between ﬂuctuations of these features over time, as well as
MRI signal ﬂuctuation during the experiment. The third method is
oint independent component analysis (ICA) (Calhoun et al., 2006;
uster et al., 2012). In this method, a common or symmetric model
s used to jointly assess information from both EEG and fMRI data.
n joint ICA, each type of neuroimaging data (i.e., EEG and fMRI
ata) is preprocessed independently. Subsequently, to examine the
elationship between EEG and fMRI data, fMRI statistical maps and
RP data of all subjects are merged into a single matrix and sub-
ected to joint ICA. This approach provides joint spatiotemporal
ecomposition with joint independent components correspond-
ng to electrophysiologically measured responses associated with
lusters of activated regions (Calhoun et al., 2006; Huster et al.,
012). By adopting these methods, even in hyperscanning studies,
e could combine high temporal resolution EEG data with high-
patial resolution fMRI data, and precisely deﬁne the neural basis
f inter-brain EEG effects.
If we could precisely deﬁne the neural basis of inter-brain EEG
ffects, then it would be perfectly acceptable to use these effects
s neuromarkers of social interaction. There are two ways to use
nter-brain EEG effects as neuromarkers. The ﬁrst is as a neu-
omarker of the quality of social interactions in daily life. For
xample, in practice, an inter-brain effect could be a measure of suc-
essful learning processes in educational environments. Learning
rocesses, especially in school, involve social interactions between
eacher and students (Watanabe, 2013; Verga and Kotz, 2013),
nd on-line interaction is essential for these processes (Kuhl et al.,
003). Such interactions consist of two individuals, and cannot be
educed to the individual level (Hari and Kujala, 2009; Konvalinka
nd Roepstorff, 2012). Therefore, we hope that we  could use inter-
rain effects as neuromarkers of the quality of the learning process.
o far, no study has directly investigated whether inter-brain effects
eﬂect the quality of learning processes. However, performance ofsearch 90 (2015) 25–32 29
the JA task, which is proposed to be at the core of the evolution
of verbal language (Pinker, 2010), is related to emergence of inter-
brain neural synchronization in the right IFG (Saito et al., 2010;
Tanabe et al., 2012). In addition, verbal communication evokes
inter-brain EEG coherence on the left IFG (Jiang et al., 2012). These
lines of evidence suggest that the quality of communication during
the learning process might be reﬂected in inter-brain effects in the
IFG.
In our social interactions, such as learning processes, the
relationship between two individuals is asymmetric, and each indi-
vidual plays different role (e.g., speaker and listener). When there
is asymmetry of roles in communication, causality between two
brains might be a better neuromarker of interaction quality than
coherence or synchronization. For example, during verbal commu-
nication, causality of EEG between team members in a cooperative
relationship is more signiﬁcant than causality between individuals
on different teams, who  are in a competitive relationship (Astolﬁ
et al., 2010). Thus, causality could be a better neuromarker of the
quality of asymmetric social interaction. For example, causality
from teacher’s brain to student’s brain could be used as a neu-
romarker of how effectively the teacher can make the student
understand. To this end, hyperscanning EEG–fMRI is valuable in
precisely deﬁning brain regions associated with EEG causality in
asymmetrical social interactions. Causality between two  brains
should be investigated more intensively in future studies.
Not only the quality of social interaction, but also our behav-
ior and psychological perspectives on social interactions, could be
quantiﬁed using inter-brain effects. Individual behavior and psy-
chological perspectives can be understood in the individual brain
(Lahnakoski et al., 2014). However, our behavior and psychologi-
cal perspectives during social interactions are clearly inﬂuenced by
those of our partners. Therefore, inter-brain effects could provide
better markers of behavior and psychological perspective than acti-
vations within a single brain. As noted above, a subject’s intention
to defect on their partner could be predicted with high accuracy
before the decision by evaluating changes in the inter-brain net-
work pattern (De Vico Fallani et al., 2010). In our future studies, we
have to test whether the neuromarker from two  communicating
brains is better than the neuromarker from a single brain.
6. Necessity of the mathematical model
It is well known that multiple organisms can constitute a sin-
gle dynamic complex system through their interactions, such as
the synchronized ﬂickering of certain types of ﬁreﬂies (Buck, 1988)
and the synchronized cries of Japanese tree frogs (Aihara et al.,
2014). For these phenomena, mathematical modeling has played an
important role in revealing the mechanism underlying the emer-
gence of synchronization, as well as its function (Ermentrout, 1991;
Aihara et al., 2014). As with these phenomena, two individuals
who are coupled through social interaction constitute a dynamic
complex system that cannot be reduced to the individual level
(Beer, 2000; Hari and Kujala, 2009; Froese et al., 2013). Therefore,
a mathematical model would help us to understand the nature of
inter-brain effects that reﬂect properties of social interaction. Mod-
eling studies and hyperscanning experiments could contribute, in
a complementary manner, to our understanding of the nature of
inter-brain neural synchronization. First, we  could build a math-
ematical model based on the results of an experiment. Next, we
could conﬁrm whether the model’s predictions accurately explain
actual phenomena, and then revise the model. By repeating this
model validation cycle, we  could get asymptotically closer to the
nature of two-in-one systems consisting of two  individuals.
A few modeling studies have addressed the mechanisms under-
lying emergence of inter-brain neural effects. Dumas et al. (2012)
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nvestigated how anatomical connectivity inﬂuenced the emer-
ence of inter-brain EEG synchronization as subjects imitated a
artner’s hand gestures (Dumas et al., 2010). In that study, the
uthors designed whole-brain numerical simulations that com-
ined a real connectome dataset (Iturria-Medina et al., 2007) with
 Kuramoto model (Kuramoto, 1975); in particular, they made the
odel simulate brain behavior in the resting state. After the vali-
ation, they added virtual sensorimotor coupling by linking the
otor area of each virtual brain with the visual regions of the
ther (Hari and Kujala, 2009), in order to evoke inter-brain neu-
al synchronization between the two virtual brains. After that,
sing the model, they investigated the roles played by anatomical
tructures in the emergence of inter-brain synchronization via the
erception–action loop. First, the model revealed that similarity of
natomical structure between two brains makes brain activation
ynamics more similar, even when there is no interaction between
hem. In addition, when the strength of intra-brain connectivity
ncreased, inter-brain synchronization was enhanced to a greater
xtent by real connectome data than by random connection data.
hese results support the idea that the anatomical structure of
ur brain plays a key role in the emergence of inter-brain neural
ynchronization (Dumas et al., 2012).
By comparing the prediction of our model with actual
henomena, we can validate the model. The model predicts that
imilarity of anatomical structure between two brains results in
eak inter-brain neural synchronization. Differences in the net-
ork organization of ASD patients from that of normal control
ubjects have been frequently observed using fMRI and diffu-
ion tensor imaging techniques (Anagnostou and Taylor, 2011).
n addition, the inter-brain correlation analysis suggested that the
ncreased randomness of regional brain activity in high functioning
SD patient (Salmi et al., 2013). These lines of evidence suggest that
he inter-brain synchronization between normal control and ASD
articipants should be weak because of the low degree of similarity
f anatomical connectivity. Consistent with this, only weak inter-
rain synchronization on the right IFG is observed between normal
ontrols and ASD participants (Tanabe et al., 2012). The agreement
etween model prediction and observed synchronization suggests
hat the assumption of the mathematical model is valid (Dumas
t al., 2012).
Another important advantage of mathematical models is that
hey can make new predictions about unknown phenomena. For
xample, the model of Dumas et al. (2012) predicts that train-
ng could inﬂuence the emergence of inter-brain neural effects,
ecause it is well known that training can change the properties
f intra-brain networks (for review, Guerra-Carrillo et al., 2014).
his prediction seems to be reasonable, because our social skills
re acquired through communication with other individuals, start-
ng at birth and continuing throughout our lives (Johnson et al.,
005; Grossmann and Johnson, 2007; Murray and Trevarthen,
985; Striano et al., 2006). Therefore, if the emergence of inter-brain
eural synchronization reﬂects our social skills, the experience
f social interaction might increase or decrease this synchroniza-
ion. We  can test this idea by investigating whether training has
n effect on the properties of synchronization. To the best of our
nowledge, few studies have demonstrated that inter-brain syn-
hronization of the EEG waveform can be enhanced by means of
raining (Yun et al., 2012; Kawasaki et al., 2013). If training has a
irect effect on the emergence of inter-brain neural synchroniza-
ion through social Hebbian learning (Wolpert et al., 2003; Keysers
nd Perrett, 2004), then the region related to training region might
verlap with the region involved in synchronization. To date, no
tudy has clearly demonstrated such an overlap (Yun et al., 2012;
awasaki et al., 2013), in part because EEG has very limited power
o localize the center of activation (Hari et al., 2013). In future stud-
es, by combining inter-brain EEG synchronization with inter-brainsearch 90 (2015) 25–32
fMRI synchronization, we could test the effect of training on the
emergence of inter-brain effects, as predicted by the mathematical
model.
Hyperscanning EEG–fMRI allows us to look at the two-in-one
system from a different perspective. Consequently, in future stud-
ies, evidence obtained in hyperscanning EEG–fMRI experiments
might play a major role in constructing a mathematical model
of inter-brain effects in social interactions. In hyperscanning EEG
studies, inter-brain effects exhibit a signiﬁcant frequency depend-
ency (Dumas et al., 2010; Astolﬁ et al., 2010; Kawasaki et al., 2013).
The EEG in distinct frequency bands is assumed to reﬂect different
aspects of our cognitive process (Scheeringa et al., 2011). There-
fore, when we  use hyperscanning EEG–fMRI and joint ICA, fMRI
data can precisely deﬁne the intra- and inter-brain network that is
associated with the inter-brain EEG network in different frequency
bands. fMRI networks associated with different EEG frequencies
might reﬂect different aspects of social interaction. In addition, joint
ICA could be used to analyze any type of data. Therefore, hyper-
scanning EEG–fMRI in conjunction with joint ICA could allow us to
analyze multimodal neuroimaging data and behavioral data via a
uniﬁed method. In social interactions, the two-in-one system arises
via the behavior–perception loop (Hari and Kujala, 2009; Froese
et al., 2013). Hyperscanning EEG–fMRI allows us to analyze almost
all aspects of social interactions at high spatial and temporal res-
olution. The evidence obtained could contribute to construction of
mathematical models that could account for the nature of inter-
brain effects in social interactions.
7. Concluding remarks
Here, we reviewed studies of inter-brain neural coupling during
social interactions that used hyperscanning neuroimaging tech-
niques, i.e. EEG, fNIRS and fMRI. Although these hyperscanning
studies have revealed inter-brain effects in social interactions, the
limits of neuroimaging techniques place limitations on the infor-
mation that can be obtained in these studies. Hyperscanning fMRI
can precisely detect the regions exhibiting inter-brain effects; how-
ever, it is impossible to record such effects during daily life. The
characteristics of hyperscanning EEG are in contrast to those of
hyperscanning fMRI. The portability of EEG devices allows us to
record inter-brain effect in very natural setting; however, the abil-
ity of EEG to localize the epicenter of brain activation is very
limited. The characteristics of hyperscanning fNIRS are intermedi-
ate between those of hyperscanning EEG and fMRI. We propose the
use of hyperscanning EEG–fMRI as a means of understanding the
nature of inter-brain effects at high spatial and temporal resolution.
This method will provide an opportunity to use inter-brain effects
as neuromarkers of social interactions in daily life. In addition,
mathematical modeling of inter-brain effects will play important
roles in future studies. We  think that the combination of hyperscan-
ning EEG–fMRI and mathematical modeling could make a dramatic
contribution to our understanding of on-line social interactions.
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